The two major forms of the amyloid-beta (Aβ) peptide found in plaques in patients suffering from Alzheimer's disease, Aβ40 and Aβ42, only differ by two amino acids in the C-terminal region, yet they display markedly different aggregation behavior. The origins of these differences have remained challenging to connect to specific molecular-level processes underlying the aggregation reaction. In this paper we use a general strategy to apply the conventional workflow of chemical kinetics to the aggregation of the Aβ40 peptide to identify the differences between Aβ40 and Aβ42 in terms of the microscopic determinants of the aggregation reaction. Our results reveal that the major source of aggregates in the case of Aβ40 is a fibril-catalyzed nucleation process, the multistep nature of which is evident through its saturation behavior. Moreover, our results show that the significant differences in the observed behavior of the two proteins originate not simply from a uniform increase in all microscopic rates for Aβ42 compared with Aβ40, but rather are due to a shift of more than one order of magnitude in the relative importance of primary nucleation versus fibril-catalyzed secondary nucleation processes. This analysis sheds light on the microscopic determinants of the aggregation behavior of the principal forms of Aβ and outlines a general approach toward achieving an understanding at the molecular level of the aberrant deposition of insoluble peptides in neurodegenerative disorders.
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protein aggregation | rate law | neurodegeneration | aggregation mechanism A lzheimer's disease is the most prevalent of several increasingly common neurodegenerative diseases, all fundamentally related to the self-assembly of a specific, often misfolded, protein (1) (2) (3) (4) (5) (6) (7) (8) .
The two major components of protein deposits in Alzheimer's disease are two fragments of the amyloid beta peptide, Aβ42 and Aβ40, where Aβ42 has two additional amino acids at the C terminus. These two forms of Aβ are known to display significantly different aggregation propensities at the same pH values and concentrations (9) (10) (11) , but the underlying origin of these differences has not yet been firmly established.
Commonly, biomolecular assembly pathways, such as the aggregation of proteins, take the form of complex networks whose analysis in terms of elementary reaction steps presents a significant challenge, yet is the key to a molecular-level understanding of these processes. For simple chemical transformations, this challenge can be addressed through the use of the established framework of chemical kinetics to test for specific types of reaction mechanisms, an approach that represents a powerful tool to elucidate the various microscopic processes of which all chemical reactions are composed. A central requirement for the successful application of this approach is the ability to summarize the net reactive fluxes in the system through an integrated rate law. Such rate laws have until recently only been available for transformations between a finite and typically small number of distinct classes of chemical species (12) . In this paper we show how the framework of chemical kinetics can be extended to account for transformations within a complex chemical network characteristic of biomolecular assembly pathways underlying the differences in the aggregation behavior of the Aβ peptides.
We apply the rate laws derived in this work to elucidate the aggregation mechanism of the most abundant form of the Aβ peptide (13), Aβ40. By comparison with the previously defined aggregation mechanism of Aβ42 (9), this allows us to determine which differences in the microscopic processes are responsible for the differing aggregation behaviors of the two forms of Aβ. We find that the nucleation step in the aggregation of Aβ40, like that of Aβ42, is strongly catalyzed by existing aggregates, but that the reaction follows a Michaelis-Menten-type dependence known from other forms of biocatalytic reactions, notably of enzymes (14) , thereby revealing its multistep nature. Furthermore, a shift in the relative rates of the individual microscopic reaction steps, with primary nucleation being most affected, is found to contribute to the differing aggregation kinetics of the two peptides.
Results and Discussion
Because protein aggregation pathways are more complex than those of the types of chemical transformations that are routinely analyzed through the use of the framework of chemical kinetics, it is crucial to carry out and analyze the results from a significant Significance Alzheimer's disease and several related disorders are associated with the assembly of specific proteins into ordered fibrillar aggregates. In Alzheimer's disease, the key component of pathological aggregates, the Aβ peptide, is produced from a precursor protein in variable lengths: Aβ40 is more abundant and Aβ42 more aggregation-prone. To shed light on the molecular basis of disease progression, the aggregation process has been studied in vitro. New theoretical models allow us to relate kinetic measurements to the rates of the individual processes underlying the aggregation reaction. We find that the loss of two residues in Aβ40 relative to Aβ42 significantly slows nucleation of aggregates in solution, thereby shifting the mechanism yet more strongly towards nucleation on the surface of fibrils.
number of individual experiments performed under distinct but carefully controlled conditions. It is essential to consider only mechanisms that account quantitatively for the entire body of experimental data by means of global analysis to obtain sufficient constraints for fitting the data to complex rate laws. In the most general case, microscopic steps that make up linear growth reactions consist of nucleation processes, which create new aggregates, and growth processes, which contribute to the elongation of existing aggregates as shown in Fig. 1A . To have a mechanistic understanding of an aggregation reaction, therefore, it is crucial to define the manner in which the microscopic processes contribute to the overall reaction, and to establish whether or not the basic classes of nucleation and growth processes consist of a single elementary step or are multistep in nature.
To achieve sufficient reproducibility in the aggregation behavior of the Aβ40 peptide to allow for quantitative analysis of the microscopic steps defining its overall reaction mechanism, we used recombinant peptide to ensure a fully homogeneous sequence. The presence of multiple similar sequences in synthetic peptides of this length has been shown to lead to an overall retardation of aggregation and changes the shape of individual curves (15) . Moreover, we minimized extrinsic, potentially bioactive surfaces from the system by using degassed buffer and half-area low-binding plates and subjected the peptide to several rounds of size-exclusion chromatography to eliminate the presence of a small number of preformed aggregates at uncontrolled concentrations, which can lead to highly variable behavior of the system. We monitored the reaction by using a fluorescent reporter dye, thioflavin T (ThT); we performed extensive controls (Supporting Information, section 2.3 and Fig. S1 ) to ensure that ThT reports accurately on the progress of the reaction within the given concentration range.
A comprehensive body of data was obtained by performing controlled aggregation experiments at a series of initial monomer concentrations [m] 0 ranging from 3.5-70 μM. We initially focus on and analyze a global measure of the progress of the reaction, the characteristic half-time, t 1/2 , which is the time at which 50% of the protein is found in aggregated form. The monomer dependence of t 1/2 is commonly observed to take the form of a power law, t 1=2 ∼ ½m γ 0 , where γ is a characteristic exponent that yields information about the dominant nucleation mechanism present (16) (17) (18) (19) (20) . We find, however, from our experiments that for Aβ40 this scaling exponent is highly dependent on the concentration regime under which the reaction is performed: Indeed, γ varies from −1.2 ± 0.2 at low protein concentrations (ca. 5 μM) to −0.2 ± 0.05 at higher protein concentrations (ca. 60 μM).
The observation of the concentration dependence of the exponent γ strongly suggests that one or more of the microscopic processes contributing to the aggregation reaction changes its monomer dependence and hence becomes saturated at higher monomer concentrations. Several other possible origins of a concentration dependence of γ and why they fail to describe the present system are discussed in detail in Supporting Information, section 1.3 and Fig. S2 . A saturation process has previously been found for the elongation step of amyloid growth from a range of proteins and revealed the elongation reaction to be a multistep process (21, 22) . However, owing to its weak first-order dependence on monomer concentration (23), the resulting change in exponent from a saturation of elongation (<0.5) can contribute to but is not sufficient to explain the increase of 1.0 ± 0.2 observed in the data in Fig. 2B . Moreover, we performed a number of strongly seeded aggregation experiments that allowed us to extract separately the elongation rate and show that a saturation of elongation is insignificant below monomer concentrations of 30 μM (Supporting Information, section 1.7 and Fig. S3 ). Hence, the observed variation in γ strongly suggests that the secondary nucleation steps in protein aggregation are also capable of undergoing saturation and therefore must be multistep in nature. Thus, we set out to use chemical kinetic measurements to dissect the nucleation pathways of Aβ40 aggregation.
Theoretical Model of Filamentous Growth with Multistep Nucleation.
To derive the integrated rate laws required for a kinetic analysis, we use the framework of filamentous aggregation models (16, 18, 19, (24) (25) (26) , which allows us to connect macroscopic measurements of Aβ40 aggregation to the underlying microscopic mechanisms. We generalize the filamentous aggregation framework to account for saturation of secondary nucleation. The proposed general scheme is shown in Fig. 1B (Fig. S4 ) and results in a kinetic description of the aggregation process that is formally analogous to the Michaelis-Menten kinetics of two-step enzyme activity. We note that an equivalent expression can be derived by considering a Langmuir-like adsorption onto the fibril surface, as done by Ferrone et al. (16) (Supporting Information, section 1.1).
The saturation effects are found to be determined by a single constant, K M , which plays a role analogous to the Michaelis constant in enzymology and represents a threshold concentration above which the monomer dependence of the secondary nucleation process becomes saturated. Although the physical basis of amyloid growth and enzymatic action is different, the formal analogy to Michaelis-Menten kinetics that emerges from Eq. 3 can be understood in general by considering that the monomers take the role of the substrate, nuclei take the role of the product, and fibrils take the role of the enzyme as they facilitate the conversion of the monomeric peptide into its amyloid form. The monomer concentration enters the kinetic equations as a power n 2 , the number of monomers that take part in the reaction, whereas in the common Michaelis-Menten scheme the substrate concentration enters simply to the first power, because only one substrate molecule is converted to product at a time. The constant K M determines when the surface-catalyzed secondary nucleation step is saturated: At low monomer concentrations, ½m n2 0 K M , the secondary nucleation rate is limited by the attachment of the free monomer present, and the form for a single-step nucleation process (9, 16) is recovered. At high monomer concentrations, ½m The principal processes relevant for filamentous aggregation, their dependence on the concentrations of monomers (m) and fibrils, and how they contribute to the changes in the number (P) and mass concentrations (M) of fibrils. The rate constants are k + (elongation at fibril ends), k n (primary nucleation in solution of order n c ), k 2 (secondary nucleation on the fibril surface of order n 2 ), and k − (fibril fragmentation). (B) A graphical depiction of the proposed reaction scheme for secondary nucleation (Supporting Information, section 1.1) wherein monomers first come together in the presence of an aggregate, then monomer-independent reaction and detachment steps take place to yield the product. nucleation are fully saturated and the overall rate is determined by the conversion to and detachment of new nuclei. Note that in the case of an unseeded aggregation reaction the time evolution of the system depends only on combinations of the rate constants k 2 k + and k + k n , not the individual rate constants.
Analysis of the Experimental Kinetic Data. The analysis of the measurements of the kinetic profiles for Aβ40 aggregation as a function of its concentration reveal, remarkably, that the entire set of kinetic data at multiple concentrations can be described by the single rate law Eq. 4 that emerges from a multistep secondary nucleation process (Fig. 2 and Fig. S5 ). We stress that the fits describe the data in a fully global manner; the aggregation profiles at different concentrations are not fitted individually, but rather a single rate law applies to the complete dataset where the microscopic rate constants are fixed, and only the independently measured initial concentrations are entered as initial conditions for the individual experiments. Furthermore, the analysis in Fig. 2 demonstrates that rate laws with either an elementary single-step secondary pathway with a fixed reaction order, or two such pathways competing in parallel, are not able to describe the data even qualitatively when considering the entire dataset (Fig. S6) . Any given curve at a single concentration can, however, be fitted even with an incorrect rate law, highlighting the fundamental importance of global analysis of concentration-dependent data when probing mechanisms of complex biomolecular assembly pathways such as that studied here. The demonstration that all of the curves can be fitted to a single function simply by varying the known amounts of peptide is a very powerful validation of the proposed mechanism.
The Michaelis constant for saturation of secondary nucleation, K M , was determined to be 31 μM 2 , a value that predicts that secondary nucleation becomes half-saturated at monomer concentrations of 5-6 μM. The values of the rate constants determined from the global fitting procedure were then used to predict the values of the reaction half-time t 1/2 at the different initial monomer concentrations, Eq. 11, and then plotted against the experimental values of t 1/2 in Fig. 2B . The agreement is very good for monomer concentrations below 30 μM. At low monomer concentrations, the secondary nucleation rate is limited by the monomer-dependent step, whereas at high monomer concentrations it is limited by the monomer-independent step. At even higher monomer concentrations exceeding 30 μM the observed γ is −0.2, which is above the maximum possible γ of −0.5 predicted in Eq. 11. This effect may be partly attributed to the possibility of the saturation of the elongation step at high monomer concentrations. To investigate the saturation of elongation, a number of strongly seeded aggregation experiments were performed. In such experiments, sufficient preformed fibrils are added to the reaction mixture that the role of the intrinsic The regions of unsaturated and fully saturated secondary nucleation are marked on the graph, ffiffiffiffiffiffiffi K M p gives the concentration of half-saturation of secondary nucleation, and the dashed blue line denotes the region where elongation may begin to saturate. (C) Fits to the three possible models with simple secondary pathways (single-step secondary nucleation, fragmentation without secondary nucleation, and a competition of fragmentation and single-step secondary nucleation) were performed to show that neither can achieve a good global fit (see also Fig. S6 ).
nucleation processes becomes negligible, and hence the evolution of the reaction under this type of strongly seeded conditions is only dependent on the elongation of the aggregates (23) . This analysis reveals that the slopes of the kinetic profiles increase less strongly when the monomer concentration exceeds 30 μM than at lower concentrations, a possible indication that saturation of elongation, as observed for other systems (21), may occur for Aβ40 when the monomer concentration exceeds 30 μM (Supporting Information, section 1.7 and Fig. S3 ). To determine the fundamental rate constants pertaining to secondary nucleation, we therefore focused on the data in the range where no saturation of elongation occurs, [m] 0 < 30 μM (Supporting Information, section 1.8 and Fig. S7 ).
Comparison with Aβ42. The determination of the aggregation pathway and of the microscopic rate constants of Aβ40 aggregation in the present work provides us with the opportunity to understand the nature of the differences in the molecular-level determinants of the behavior of Aβ40, the most abundant form of the Aβ peptide in vivo, from that of Aβ42, the form of the peptide that dominates the deposition in Alzheimer's disease and has emerged as the primary risk factor for this condition. We find that the combined rate constants obtained from the fit in Fig. 2A are both an order of magnitude smaller than the rate constants determined for Aβ42 (Fig. 3C) , a finding that is reflected in the substantially larger values of t 1/2 for Aβ40 than for Aβ42. These data explain the requirement for significantly higher concentrations of Aβ40 to observe and measure aggregation on timescales comparable to those for Aβ42. Even more interestingly, however, for Aβ42 no saturation is observed at concentrations up to 6 μM (9).
To decompose the combined rate constants, ffiffiffiffiffiffiffiffiffi ffi k + k 2 p and ffiffiffiffiffiffiffiffiffi ffi k + k n p , obtained from the global fitting procedure into individual values for k n and k 2 , an estimate of the elongation rate constant k + is required. To obtain such estimates, we used cryogenic transmission electron microscopy (cryo-TEM) (Fig. S8) to define the average fibril length, L, and thereby the fibril number, [P] t=0 = [M] t=0 /L, in the seeded experiments (Supporting Information, sections 2.1 and 2.2). Unlike the combined rate constants, which can be determined accurately from the global fits, the individual rate constants obtained in this manner contain a source of uncertainty owing to the error in the initial gradient of the seeded data and the estimate of the fibril length. We note, however, that both the saturation effect and the relative increase in importance of secondary nucleation for Aβ40 are both independent of this estimation of k + . An examination of the data shows that the rate constants for all of the microscopic processes are decreased for Aβ40, relative to Aβ42, indicating higher energy barriers for all microscopic processes, rather than simply increased dissociation rates or retardation of one specific microscopic step, as could well have been concluded from the simple increase in half-times. In particular, the relative contribution from primary nucleation is decreased by over an order of magnitude in Aβ40 relative to Aβ42 (as evident in Fig. 3 ). This result is also reflected in the curve shapes in Fig. 4 , where the relative increase in aggregate mass for Aβ40 can be seen to occur considerably more suddenly as a result of the more pronounced autocatalytic nature of the reaction owing to a larger relative contribution from secondary nucleation.
It is interesting to speculate that the increased hydrophobicity imposed by residues Ile41 and Ala42 plays an important role in all of the microscopic aggregation processes by decreasing all barriers of aggregation for Aβ42, suggesting that common features in the transition states controlling the different microscopic processes may exist. Moreover, the weaker effect on elongation and secondary nucleation, compared with primary nucleation, suggests that interactions with the fibrils decrease the importance of residues 41 and 42 in the assembly reaction, compared with assembly of free monomers in solution characteristic of primary nucleation processes.
Conclusions
We have used chemical kinetics to dissect the aggregation behavior of the Aβ40 peptide into its component microscopic steps. We have shown that a dominant contribution to the formation of new aggregates under the quiescent conditions used is a fibrilcatalyzed secondary pathway, a mechanistic feature that is shared between both the major variants of the Aβ peptide, Aβ40 and Aβ42. In contrast to the aggregation process of the Aβ42 peptide, however, the reaction order of the secondary pathway in Aβ40 aggregation is highly dependent on the concentration of monomeric peptide in solution. We show that this fact originates from the multistep nature of secondary nucleation; below a characteristic monomer concentration, the generation of secondary nuclei depends on the concentration of free monomers and their In low monomer conditions secondary nucleation is effectively single-step and in the high monomer limit the second step of the secondary nucleation process becomes rate-determining (RDS). Whereas both are relevant for Aβ40, only the low monomer behavior is observed for Aβ42. (B) Table of the combined rate constants obtained from the global fit and the individual microscopic rate constants of aggregation (in both cases n 2 = n c = 2). The ratio k n /k 2 describes the aggregate concentration above which secondary nucleation will be producing more nuclei than primary nucleation and shows that secondary nucleation is significantly more important than primary nucleation for Aβ40. The errors in the upper table were estimated by fitting different subsets of the replicates at each concentration; for details see Supporting Information, section 1.6. The elongation rate and hence all parameters in the lower table are only accurate to within a factor of 3 (Supporting Information, section 2.1). (C) Comparison of the individual rate constants of Aβ40 and Aβ42, normalized to the rate in Aβ42 and shown on a logarithmic scale. Note that the relative difference in rate constant is significantly larger for primary nucleation than for the other two processes.
attachment to the fibril surface, whereas at high monomer concentrations the reaction becomes dominated by the conversion and detachment of bound peptide molecules, a process that is independent of the surrounding free monomer concentration. Moreover, we find that all microscopic rate constants of aggregation are smaller for Aβ40 relative to those of Aβ42, which indicates that the presence of residues 41 and 42 in Aβ42 plays an important role in lowering the energy barrier for all of the steps in the conversion process of monomer to fibrils. One of the major consequences of fibril-catalyzed nucleation, identified here for the Aβ40 peptide, is the emergence of positive feedback, which increasingly favors the formation of new aggregates once even a small concentration of such species is formed. In the context of the development of neurodegenerative disease, such a situation is likely to contribute to the difficulty in controlling and curtailing the extent of aggregation once it has been initiated.
Materials and Methods
Materials. The Aβ(M1-40) peptide (here called Aβ40) with amino acid sequence MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGG was expressed in Escherichia coli from a synthetic gene and purified from inclusion bodies as described elsewhere (27) . Purified monomer was lyophilized by freezing the monomeric protein in 20 mM sodium phosphate buffer, 0.2 mM EDTA, 0.02% sodium azide, pH 7.4 at −80°C and then drying under vacuum. It was then dissolved in 1 mL 6 M GuHCl and subjected to size-exclusion chromatography in degassed buffer (20 mM sodium phosphate, 200 μM EDTA, 0.02% sodium azide, pH 7.4) on a Superdex75 column (GE Healthcare). The fraction corresponding to the center of the monomer peak was again lyophilized and the gel filtration procedure repeated to ensure pure monomer at time 0. The monomer was collected on ice and a dilution series was prepared in the same buffer on ice in low-bind tubes (Axygen). All chemicals were of analytical grade.
Kinetic Assays. Forty-two unseeded aggregation experiments of Aβ40 were performed, at 14 different monomer concentrations between 3.5 μM and 70 μM, as triplicate repeats at 37°C in quiescent conditions, in half-area lowbinding plates (Corning 3881). The whole procedure was repeated three times with similar results. The differences between repeats of the same experiment at low monomer concentrations are due to experimental error and provide a limit on the possible accuracy of the fits. The data were collected by fluorescence spectroscopy, using 100 μM of the dye ThT as a reporter molecule (Supporting Information, section 2.3). At this concentration the dye gives a linear relationship between fluorescence intensity and aggregate concentration as evaluated using a strategy similar to that in ref. 28 . Note that the rate constants for Aβ42 given in Fig. 3B were obtained at a slightly higher pH (8.0 for Aβ42 versus 7.4 for Aβ40). This was owing to the fact that the aggregation of Aβ40 proceeds too slowly at pH 8.0 to produce reliable data, hence the differences in rate constants for the two peptides are expected to be even larger at pH 8.0 than apparent in the tables. A sample was taken when the sigmoidal curve reached the plateau and formation of fibrils was confirmed by cryo-TEM (Fig. S8) ; all experimental details can be found in Supporting Information, section 2.2.
Each set of experimental data was baseline-corrected and normalized such that the relative mass concentration of aggregates is 0 at time 0 and 1 at completion of the aggregation. The seeded experiments were performed in the same monomer concentration range as in the unseeded case, but starting with an initial seed concentration of [M] 0 = 21 μM or 10 μM. For the unseeded experiments the individual half-times for each run were extracted by fitting a straight line to the normalized trajectory between [M] norm = 0.4 and [M] norm = 0.6 and then using the value of t at the point where this line crosses [M] norm = 0.5. To obtain global fits, a basin-hopping algorithm was used as described in Supporting Information, section 1.5 and Fig. S9 . To fit the full time course of the aggregation, Eq. 4 was used in this fitting algorithm, with three free parameters only: K M and the combinations k + k n and k + k 2 . We set n c = n 2 = 2, as was found for Aβ42 (9) , to allow direct comparison of the rate constants of the two proteins. To check the validity of setting n c = n 2 = 2 a number of fits starting at different initial guesses and fitting all five parameters were performed. The fits obtained all converged to the same values and were only a slight improvement with n 2 and n c close to 2, justifying our choice of n 2 and n c . The fits in Fig. 2C were obtained in the same manner, for the fit of single-step secondary nucleation, the secondary nucleation rate was constraint to values where it dominates over primary nucleation.
Integrated Rate Law. The general kinetic model of aggregation treats fibrils as linear aggregates of monomers, whereby the monomers can attach to the ends of such fibrils with an elongation rate constant k + . Nuclei can, in general, form either homogeneously (29) in solution with rate constant k n or heterogeneously (16), on the surface of existing aggregates with rate constant k 2 ; the former process represents primary nucleation, the latter secondary nucleation. The reaction orders of primary and secondary nucleation with respect to monomer concentration are given by n c and n 2 , respectively (19) . New fibril ends, to which monomers can attach, can also be created by fragmentation of fibrils (26) , a secondary process that does not possess a dependence on the concentration of monomers (Fig. 1A) . Explicit consideration of how these molecular processes contribute to the changes in aggregate concentrations results in a series of differential rate equations, through the use of the master equation formalism that describes rate laws for the mass [M] and number [P] concentrations of aggregates as a function of time t (18, 19):
where [m] is the monomer concentration. Note that filament fragmentation is included within this description through setting n 2 = 0 and identifying k 2 with a fragmentation rate constant k − . To include saturation of secondary nucleation, the change in number concentration of aggregates is generalized from Eq. 1 to
In the low monomer limit k 2 from Fig. 1 can be related to the single-step k 2 as k 2 = k 2 =K M and the Michaelis constant is given by K M = ðk b + k 2 Þ=k f (see Supporting Information, section 1.1 for detailed derivation). We integrate Eqs. 2 and 3 through the use of self-consistent arguments as detailed in refs. [18] [19] [20] and Supporting Information, section 1.2 and find the integrated rate law for the normalized aggregate mass concentration as 
